This paper presents a biologically inspired fish-robot driven by a single flexible magnetic actuator with a rotating magnetic field in a three-axis Helmholtz coil. Generally, magnetic fish-robots are powered by alternating and gradient magnetic fields, which provide a single motion such as bending the fish-robot's fins. On the other hand, a flexible magnetic actuator driven by an external rotating magnetic field can create several gaits such as the bending vibration, the twisting vibration, and their combination. Most magnetic fish-like micro-robots do not have pectoral fins on the side and are simply propelled by the tail fin. The proposed robot can swim and perform a variety of maneuvers with the addition of pectoral fins and control of the magnetic torque direction. In this paper, we find that the robot's dynamic actuation correlates with the magnetic actuator and the rotating magnetic field. The proposed robot is also equipped with new features, such as a total of six degrees of freedom, a new control method that stabilizes posture, three-dimensional swimming, a new velocity control, and new turning abilities.
Introduction
There have been a number of studies on biomimetic microrobots and magnetic actuators. The external magnetic field, which is useful in biomedical applications, controls the magnetic actuator, as well as the limited space, motion, and locomotion of a micro-robot. Abbot et al compared the performance of magnetic micro-robots according to the movement methods [1] . In particular, biomimetic flagellar propulsion method-based magnetic micro-robots have been developed for use in an environment with a low Reynolds number, such as biological organs [2] [3] [4] [5] [6] . In addition, using the dc gradient magnetic field and magnetic resonance imaging, the control method (magnetic force) and system were suggested [7] [8] [9] [10] [11] . It is the best control method for medical micro-robots (MMRs), particularly because locomotion control of a rotating magnetic field (RMF) can describe dynamic movements, such as spiral, earthworm, and 3D rotational motions. Spiral motion and its application were demonstrated by Sendoh and Ishiyama [12, 13] , whereas oscillatory or undulatory motions of magnetic micro-robots were suggested based on an alternating magnetic field [14, 15] .
When using an alternating magnetic field, the robot can only perform an oscillatory or undulatory motion depending on the driving frequency. Saotome devised a novel magnetic actuator using two small NdFeB magnets as a flapping motion within the alternating magnetic field [16] . All of the studies above have the same goal: to develop and apply microrobotics to biomedicine. There are several studies on fishlike micro-robots, especially on the materials to be used for their construction. Most of the materials for fish-robots are based on shape memory alloys [17] and piezoelectric materials (PZT) by Fukuda et al and Kosa et al [18, 19] , whose studies revealed the mechanisms and principles of propulsion using computer simulation and swimming experiments. Later, Gue et al introduced a new micro-robot using ionic conducting polymer film, a novel material as the servo actuator with three degrees of freedom (DoFs) [20] . These materials, however, have their disadvantages: they use a wire-controlled, insertedbattery system, which is unsuitable for medical applications. A number of studies have suggested that the propelling velocity be dependent on the driving frequency, which cannot be changed into other motions [21] [22] [23] .
The purpose of this paper is to present a fish-like magnetic micro-robot based on the dynamic actuation of a flexible magnetic actuator within an RMF [24] . As mentioned above, the RMF has been used for generating rotating motions such as spiral and flagellar motions, whereas the oscillatory or undulatory motions have been driven by the alternating magnetic field [2, 4, 5, [12] [13] [14] [15] . Therefore, using the RMF for the magnetic fish-robot aside from the rotating motion has not yet been reported from other research groups. Directional control of the magnetic torque causes various oscillatory motions in a single actuator within the RMF, based on the three-axis Helmholtz coil system. In addition, this basic mechanism and control method can be used for various types of biomimetic locomotion, such as insect walking and snakelike locomotion. Their mechanism and active locomotion are suitable for diagnostic robots.
The proposed magnetic fish-robot has six DoFs-two side fins (a single side fin with pitch and roll motion) and one tail fin (with roll and yaw motion)-a very unique feature in fish-like micro-robots. The robot can swim straight, turn, dive, and rise using the RMF and the resultant multi-motion control of each fin (see figure 1 ). These fin motions are similar to the rotating motions of roll, pitch, and yaw. To improve the movement velocity without increasing the frequency, we adjusted the tailfin actuation to the swimming performance of a real box-fish [25] [26] [27] . Although their external appearances are dissimilar, the swimming method of the robot is the same as that of the box-fish. This paper mainly discusses the dynamic motions of swimming. The results show that the robot can perform various swimming movements through the new control method and the dynamic motions of the flexible magnetic actuator in the RMF.
Magnetic fish-robot

The structure of the magnetic fish-robot
The proposed magnetic fish-robot is composed of a body, two pectoral fins, and a tail fin; as such, it has three actuators as shown in figure 2 . Table 1 lists the specifications of the prototype magnetic fish-robot, including its shape as well as the sizes of its tail and pectoral fins, respectively. In particular, each joint (2 mm × 1mm) on the fins is designed to improve all actuations. Actuation of the pectoral fin can bring about an unstable swimming posture. To maintain a stable posture, a head magnet was added. Its direction of magnetic moment is opposite to that on the pectoral fin. The swimming performance of the robot depends on the actuation of the fins, as in a real boxfish. The main function of the tail fin is to provide propulsion for swimming whereas its sub-function is steering (turning performance). The pectoral fin provides steering functions (turning and underwater swimming) based on the roll and pitch motion of the fin. 
The driving method and multi-motion of fins
In general, magnetic fish-robots are controlled by an alternating magnetic field, which can only drive a single motion (e.g. bending) based on the constant oscillation or undulation of the fin. To create dynamic and varying motions using a single actuator, we control the direction of the magnetic torque using an RMF in a three-axis Helmholtz coil. The magnetic torque (T) is expressed as
where M is the vector of the magnetic moment of the magnet, H is the vector of the amplitude of the magnetic field, and θ is the angle between M and H. To change the magnetic torque direction, we change the plane and rotating direction of the magnetic field. Figure 3 (a) shows the changes in the plane of the RMF, in which the position of the axis of rotation of the plane of the RMF is determined by angles α and ζ . The ranges of α and ζ are from 0 • to 360
• . The changing interval of angles α and ζ is 90
• and their time-interval is 60 ms per 90
• which can change the fin motion without changing the moving direction. In addition, the rotation of the magnetic field is divided into clockwise (CW) and counter-clockwise (CCW) directions. Therefore, the changed field plane causes multi-motion in a single fin because of the changed torque direction. Each fin on the fish-robot produces an oscillatory motion based on roll, pitch, yaw, and their combination (mixed motion). The maximum of the single dynamic rotation (roll, pitch, and yaw motion) is generated when the direction of the magnetic moment on the fin is parallel to the plane of the RMF, whereas the maximum mixed-motion is produced when the direction of the magnetic moment is perpendicular to the plane of the RMF. Figures 3(b) and (c) show all the maximum actuations with the trajectories of the pectoral fins and the tail fin according to the changes in the plane of the RMF.
The structure of the pectoral fin is such that it is oriented in a direction horizontal to the robot's body. Therefore, its motion depends on the roll (bending vibration) and pitch (twisting vibration) motions. The direction of the magnetic moment is perpendicular to the XZ plane, in which the head direction is facing the XY plane, and the plane of the RMF is located in the XY plane (the blue area). Under this condition, positive and negative bending (roll) motions are generated during the different periods of the magnetic torque, respectively (θ ∈ {0, 180
• } and θ ∈ {180
• , 360 • }) (see equation (1)), as shown in figure 3(b) . When the plane of the RMF changes from the XY plane to the YZ plane, the direction of the magnetic torque is represented at the YZ plane. Therefore, the pectoral fin generates the twisting (pitching) motion by the magnetic torque and fin structure, as shown in figure 3(b). In addition, when the plane of the RMF is the XZ plane and the direction of the magnetic moment is perpendicular to this plane, the pectoral fin generates the mixed (roll-sway-pitch) motion in order to return to the parallel state. The form of the tail fin is perpendicular to the robot body. Therefore, its motion depends on yaw (bending), roll (twisting), and mixed (roll-sway-yaw) motions, as shown in figure 3(c). These motions are generated by magnetic torque. Figure 4 shows a coordinate system for calculating the torque. We considered one case where the plane of the RMF is the YZ plane and a magnetic moment vector m is in the YZ plane:
where m 0 is the magnitude of the magnetic moment, and there is an RMF H with strength H 0 and angular velocity ω of current source. Therefore, magnetic torque can be expressed as follows:
where α and ζ represent a zenith and an azimuth angle, respectively. To generate an RMF in the XZ plane, angles α and ζ are α < 90
• and ζ > 0 • , respectively, and the z term becomes H 0 cos ζ sin ωt − π 2 by control software. The changes in the plane of an RMF manipulate both the types of actuation and the turning performance (direction control), as shown in figure 4 . Equation (4) represents the direction of the magnetic torque. When angles α and ζ are 0
• , the rotating axis of the magnet becomes the X-axis. Thus, the direction of magnetic torque becomes T x = m 0 H 0 (cos α cos θ sin ωt − cos ζ sin θ cos ωt ). The expressed magnetic torque matrix can be changed according to a magnetic moment vector m rotating in the field plane. The direction of the magnetic torque determines the fin actuations, as shown in figure 3 .
For multiple motions and direction control, three field planes (YZ, XY, XZ) are expressed as follows.
(1) YZ plane:
(2) XY plane:
where
• and A x is the offset for uniform field.
(3) XZ plane:
where α < 90
• , ζ > 0 • and A x and A z are the offset for uniform field.
For directional control of the robot, control of the angles of α and ζ is required; the changing interval of α and ζ is 200 ms per 5
• . We used 25 μm flexible thin film for the fins (tail and pectoral fins) and fixed them to the robot's body. Therefore, the flexible fins produce a regular fin actuation (oscillation). At this time, the motion of the fin is analyzed by the flexible multi-body system of the Lim et al model. The flexible fins produce bending that can be expressed by a deformed position in the coordinate system. In addition, the flexible multi-body system is the generalized form. Thus, we applied the model to analyze the motion. Their motions can be analyzed by a flexible multi-body system [28] . Figures 5(a) and (b) show the coordinates on a planar rotating body and on a non-planar fin model, respectively. The local frame (X-Y-Z) is fixed at the fin body α. The location of point P a on the deformed fin can be expressed by R α vector:
where ζ α d is the vector of elastic generalized coordinates of the deformable body α and S α is the normal vector of the spacedependent shape function. Differentiating equation (2) can be written in a matrix form:
The kinetic energy (T α ) of the flexible body α can be expressed as follows:
where ρ α , v α , and M α are the mass density, volume, and mass matrix of the flexible body (α), respectively. In addition, 
where the mass and stiffness matrices and displacement and force vectors are partitioned according to the translation, rotation, and the elastic generalized coordinates of the flexible fin body α. Q α R and Q α θ are the generalized force vectors relative to the translational and the rotational coordinates, respectively. Q α ζ is the vector of the generalized force relative to the elastic generalized coordinates of the flexible fin body α. Figure 6 shows the simulation results of the tail fin based on roll (twisting vibration) and yaw motion (bending vibration). We investigated the force, the distribution of the elastic strain intensity on the tail fin and the deformed position. The roll motion (twisting) of the tail fin produces the displacement of 0.94 mm and an elastic strain intensity of 0.006 45 (maximum) and 0.782 × 10 -5 (minimum), respectively, as shown in figures 6(a) and (b). A yaw motion (bending) of the tail fin produces the displacement of 6.23 mm and the maximum and minimum values of elastic strain intensity are 0.0101 and 0.135 × 10 -6 , respectively, and the bending force is 1.98 × 10 -4 N, as shown in figures 6(c) and (d). In the case of the pectoral fins, they generate the pitch and roll motions. Table 2 shows the parameters for the simulation. 
Experimental analysis
The experimental apparatus consists of a three-axis Helmholtz coil, the control software, a function generator, a power supply, and an external joystick. Changes in the plane of the uniformly RMF in a regular hexahedron space (25 cm × 25 cm × 25 cm) of the three-axis Helmholtz coil, as well as in the direction of its rotation, are controlled by the external joystick, as shown in figure 7 . The angles (α and ζ ) for changing the field plane are controlled at 0
• up to 90
• and their time-interval can be controlled at 40 ms up to 4000 ms in the control software. In addition, the bandwidth of the actuators is 10 Hz. The RMF is created as a vector sum of the supplied current signals. The equipment can rotate, as well as change the plane of, the RMF. The commands from the joystick are transmitted to the control software of the PC, which in turn controls the function generator and power supply. Our control system has various adjustable parameters. For instance, we can adjust the strength of the magnetic field up to 13.528 kA m −1 , the position of the RMF, and the frequency of rotation, among others. For experiments, we used a control system with the following setup: a fixed magnetic field of 7.957 kA m −1 and frequency adjusted in the range of 1-10 Hz. To change the swimming direction, the time-interval of the angle (α and ζ ) is adjusted over 200 ms, whereas the control of the fin's motions is adjusted to below 60 ms. The proposed control method and fin structure, in which the fin's motion is similar to that of a real box-fish, create both a single (bending or twisting) and mixed (their combination) oscillatory motions. Figure 8 illustrates the mixed oscillatory motion of the actuator based on the experiment and simulation in the unstable state: the plane of an RMF is the XY plane and the direction of the magnetic moment is the XY plane. The motion of the actuator creates the mixed (yaw and roll) motion. Using the silicone-type actuator, the twisting vibration revealed a maximum angle of ± 45
• and the bending vibration yielded a maximum angle of ± 50
• . In contrast, the polyimide beam showed a maximum angle of ± 28
• on the yaw motion and a maximum angle of ± 40
• on the roll motion, as shown in figure 9 . These differences in angle are due to differences in the flexibility (Young's modulus) of the material. As mentioned earlier, the direction of the magnetic torque determines the type of fin motion.
As mentioned above, the general one DoF fin structure generates a single motion of either an undulatory or an oscillatory nature, according to the transition of the driving source (current, frequency, voltage, etc). The proposed fin is based on a single actuator and the control method produces the various oscillatory motions using the directional control of the magnetic torque. Figure 10 shows the three kinds of oscillatory motion of the tail fin: the bending (yaw), the twisting (roll), and mixed (e.g. roll-sway-yaw) motions. The red arrows indicate the basic direction of the magnetic moment on the tail fin. In addition, the direction of the robot's head is fixed to the XY plane.
First, a bending motion is generated when the plane of the RMF is located in the XY plane. Here, the trace of the tail-fin motion represents the straight line in figure 10(a-1) . Second, a twisting motion is generated within the XY plane of the RMF. Third, a mixed motion (bending and twisting vibrations) is created within the XY plane of the RMF. In this case, the trace of the motion represents the roll-sway-yaw motion, as shown in figure 10(a-3) . Figure 10(b) shows the experimental results of the relationship between the displacement of each fin and the magnetic torque in a single oscillatory motion. To calculate the magnetic torque of the fins, we measured the angle (θ ) in equation (1) through the video analysis: we used two high-speed cameras (CASIO EX-F1, 1200 fps) placed at the top and front; the position of the RMF was measured by the magnetic rotator. Therefore, the two high-speed cameras recorded the fin's motion and the position of the magnetic field. The maximum magnetic torques of the pectoral fin and the tail fin are 4.21×10 −7 and 13.45×10 −7 N m, respectively. In addition, the maximum displacement of the pectoral fin . Therefore, the propulsion in swimming depends on the tail fin because it has the largest bending motion. When we compared the simulation with the experiment of the tailfin's motion (bending and twisting), the error was 0.66 mm (bending) and 1.059 mm (twisting), respectively.
Typically, the swimming speed depends on the driving frequency or the magnetic field strength. The proposed fishrobot provides both frequency control and motion-based control for the swimming speed. Figure 11(a) shows the experimental results of the motion-based velocity control, when the magnetic field is fixed at 7.957 kA m −1 and the frequency ranges from 1-5 Hz. The twisting motion produces the smallest displacement in the tail fin, which results in the slowest swimming speed. Although the bending motion of the tail fin produces a large displacement, the resulting swim speed is slower than that of the mixed motion, because the twist angle of the mixed motion reduces the propulsive frictionat driving frequency of below 5 Hz. Motion-based velocity control is suitable for low driving frequencies because high driving frequencies (5-10 Hz) cause fast actuation and decrease the twist angle of the mixed motion. As a result, the magnetic fish-robot provides two control modes for swimming speed: a frequency control mode and a motion-based control mode. (1) Motion-based control mode (at driving frequencies of 1 to 5 Hz):
Twisting motion Bending motion < Mixed motion.
(2) Frequency-based control (at driving frequencies of 5 to 10 Hz):
Twisting motion Mixed motion Bending motion.
However, the driving frequency is limited in the frequency control mode because high frequencies over 10 Hz produce small displacements of the tail fin and saturate the magnet on the fin. Figure 11 (b) shows changes in the swimming speed as the magnetic field strength is increased at a fixed driving frequency of 6 Hz. In this case, the velocity decreases above 7.957 kA m −1 because the tail fin has reached a step-out region. Therefore, the propulsive range is limited by the driving conditions. Directional control of the magnetic torque gives rise to motion-based control of the swimming speed. In addition, it provides other swimming capabilities to the fish-robot. Short curvature turning controls the angle of bending displacement on the tail fin, as shown in figure 12(a) . Here, both rightand left-based motions of the tail fin generate right and left turning, respectively, at an angle α of 45
• inclination of the RMF in the YZ plane. This is because the magnet has the characteristic of a correspondence between the angle of the RMF and the magnetic torque. In this case, an RMF (H) is H = (0, H 0 cos ζ cos 90, H 0 cos α sin 90) at ζ = α = 45
• and ωt = 90
• . Therefore, the inclination of the RMF causes a variation in the magnetic torque and motion of the tail fin, as shown in figure 12(b) . Figure 12 (b) shows the right-based motion of the tail fin at a driving frequency of 1 Hz, a magnetic field of 7.957 kA m −1 , a CW rotating of the magnetic field, and an inclination (angle α) of 45
• in the YZ plane. In the case of the same angle (ϕ 1 = ϕ 2 ) of tail-fin displacement, the duty ratio of the magnetic torque is equal (the black line in figure 9 ). However, the real duty ratio of the tail fin is different (the red line in figure 13 ), because only the magnetic torque causes a linear variation of the bending motion (step 1), whereas the limited bending motion (see figure 12 (b-5)) brings about an elastic reaction force with the magnetic torque. Therefore, the rapid variation in the magnetic torque causes step 2. These motion mechanisms can enhance turning performance. The pectoral fins perform the twisting (pitching) motion and the tail fin performs the mixed motion at an operating frequency of 6 Hz. To perform turning movements, the plane of the RMF is changed from XY plane-CCW (CCW and CW: rotating direction) to YZ plane-CCW, as shown in figures 11(a)-(d) . Second, forward movements appear through changes in the field plane (YZ plane to XY plane-CW). In particular, turning requires an adjustable time-interval of changes in the field plane because this determines the strength of the fin's motion. In this case, ζ is 5
Swimming capability
• and the time-interval is 200 ms per 5
• (see figure 3(a) ). In other words, control of angle ζ causes the change of the field plane with turning performance as shown by equations (3)-(7). Table 2 lists each motion of the magnet on the fish-robot's depending on the relationship between the direction of the robot's head and the plane of the RMF. Figure 15 shows the short-turning performance using the inclination of the field plane in a roll motion of the robot's body, generated by the pectoral fin. The reason for the roll motion of the robot's body is that the magnetic moment on the two pectoral fins, at low driving frequencies at 0.5-1 Hz, is in the same direction. Subsequently, the left-based motion of the tail fin accelerates the short turning performance. Its rotational radius is 50 mm.
To perform a diving motion, the state of the pectoral fins must change to a twisting (pitching) motion and the driving frequency must be converted from high to low in order to increase the amplitude of the pitching motion. The robot's head must then move with the pitching motion at the low frequency range (0.1-0.5 Hz) which causes the pitching motion of the robot's body. Under these conditions, the robot's head enters the water: the head in the direction of the YZ plane and the field in the XY plane (see table 3 ). It is then necessary to increase the driving frequency to increase the propulsion of the tail fin (10 Hz), as shown in figures 16(a)-(d) .
After diving, the robot begins to turn because of changes in the field plane from the XY plane (CW) to the YZ plane (CW) and from the YZ plane (CW) to the XY plane (CCW). Subsequently, the direction of the robot's head changes as shown in figures 16(a)-(h). In this case, the rate of change in the angle ζ is 20
• every 100 ms, in order to increase the variation in the magnetic torque within a short time at a driving frequency of 6 Hz. For the final turning and rising motion, the driving frequency is reduced to increase buoyancy. At this time, the field plane is then changed into the YZ plane (CCW) in the XZ plane (CCW). In this state, the robot's head is in the direction of the XZ plane. Hence, the pectoral fin generates a twisting vibration (pitch) which supports the buoyancy. Therefore, general swimming performance depends on the frequency control mode (propulsion of the tail fin). However, the motion control mode enables three-dimensional swimming performances because its motions are based on dynamic rotation. As a result, the combination of the two control modes created various swimming performances, as shown in figure 16 .
Discussion
This study introduced a new control method for a flexible magnetic actuator within the RMF applied to a magnetic fish-robot. In general, a single actuator of a fish-robot's fin produces a single undulatory or oscillatory motion, depending on the driving frequency. To produce each motion, at least two actuators are required. This complex structure is unsuitable for the compact sizes of miniature or micro-robots. Therefore, the proposed control method provided a single actuator, which was capable of producing the various motions needed in order to achieve a compact size for the fish-robot. In particular, the way in which the various fin's motions were used in the robot's swimming behavior was similar to the real behavior of the box-fish. Finally, the proposed actuator and control methods of the magnetic fish-robot are satisfied by a biomimetic approach. In particular, the two control modes for swimming performance are very unique features because the swimming movements of general fish-robots (based on PZT, IMPC and magnetic materials) depend on the driving frequency and single harmonic vibration of a tail fin [21] [22] [23] 29] . By understanding the physical phenomena of magnetic torque, we can easily manipulate the fish-robot. If the direction of magnetic moment is parallel to the plane of the RMF, the tail fin produces a roll and yaw motion for propulsion; whereas if the direction of the magnetic moment is perpendicular to the plane of the RMF, the tail fin produces a mixed motion for propulsion. Although skilled manipulation is required for special motion control, such as short curvature turning, the main focus of this research is swimming performance and an increase of DoF of motion based on a single actuator using the RMF. Therefore, we did not consider the Reynolds number and skilled manipulation. However, the Reynolds number is an important factor in swimming performance because the robot's behavior depends on the viscosity of the liquid and the size of the solid object. Because a single actuator produces a single motion as one DoF, a minimum of two actuators is required for two DoFs of motion. However, directional control of a magnetic torque using flexible magnetic actuators with an RMF, provides multi-motion with a single actuator. Therefore, the proposed fish-robot with an RMF provided various swimming methods. Furthermore, the generated fin motions are similar to the actual fin motion of a fish. In addition, the proposed fin mechanisms can be applied to the general fish-robot when the fin joint is a ball-magnet (ball-joint) which is controlled by coils inside the robot's body. Consequently, the mechanism and control method have various applications in robotic fields.
Conclusion
We have built a magnetic fish-robot based on multi-motion control, using an RMF to explain and demonstrate how applying such a unique actuation mechanism to robotics is possible. We introduced a new control method and theoretically and experimentally investigated the dynamic swimming movements of the robot. Our micro-robot can easily be controlled in order to make it swim towards a desired location. Such control and maneuvering are unique because other magnet-driven fish-like micro-robots can only perform a single swimming motion in two dimensions. The RMF of the three-axis Helmholtz coil system provides a dynamic actuation of the pectoral fins and tail fin's allowing the micro-robot to swim straight, turn, dive, and surface. This control method may be useful for the dynamic actuation of magnetic robots in general. Using the magnet-based actuator and magnetic field, the proposed micro-robot uses wireless controls and does not require batteries-features that are helpful in the field of biomedicine. Our ongoing work is focused on designing various biologically inspired magnetic micro-robots based on active locomotion for use in medical fields because dynamic actuation, structural simplicity, and wires and battery-free operation are crucial for MMRs.
